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Si2e Heterogeneity of Salmonella typhimuriwn 
Lipopolysaccharides in Outer Membranes and Culture 
Supernatant Membrane Fragments 

ROBERT S. MUNPORD/* CATHERINE L. HALL' and PAUL D. RICK' 

Department of Internal Medicine and Department of Microbiology, UnfacrtUy of Texas Health Science 
Center at DaUaM. Dallas, Texas 75215 1 and Department of Microbiology, Uniformed Services University of 
the Health ScietuxM, Betke$da, Maryland 20014* 

ErUerobacteriaceae sella growing in liquid media shed fragment* of their outer 
merabmaes. These fragment*, which may constitute a biologically important 
form of grim-negative bacterial endotoxin, have been reported to contain protein*, 
phospholipids, and Upopolyaaecharides (LPS). In this study we compared the 
sizes of LPS molecules in shed membrane fragment* and outer membranes from 
calls growing in broth cultures, Using conditional mutant* of Salmonella typhi' 
murium which incorporate specific sugars into LPS, we analyzed radiolabeled 
LPS by sodium dodecyl stilfate-polyacrylamide gel dectrophoresia. This tech- 
nique revealed that S, typhimurium LPS are mors heterogeneous than previously 
known; molecules possessing from 0 to more than 30 0-chain repeat units were 
identified in outer membranes, supernatant fragments, and purified LPS. The size 
distributions of LPS molecules in outer membranes and supernatant fragments 
were similar, supernatant fragments appeared to be slightly enriched in molecules 
with long: O-poIyseccharide chains. Our results indicate that LPS molecules of 
many sues are synthesized, translocated to outer membranes, and released into 
culture supematants. Since the hydrophilic O- polysaccharides extend from bac- 
terial surfaces into the aqueous environment, our findings suggest that the cell 
surface topography of this bacterium may be very irregular. We also speculate 
that heterogeneity in the degree of polymerisation of 0-antigenic aide chains may 
influence the interactions of the toxic moiety of LPS (lipid A) with host constit- 
uents. 



As Enurobacleriaceae cells grow in liquid 
media, they release membrane fragments (blebs) 
which have been reported to contain lipo poly- 
saccharides (LPS), phospholipids, and proteins 
(30). Existing evidence suggests that these frag* 
menu a/e not released randomly from call sur- 
faces. They seem to be shed at an early stage of 
outer membrane synthesis U7) and to differ in 
protein compositian from total outer membrane 
(8, 29). The composition of the blsbs and the 
mechanism by which they are released may thus 
provide clues to the poorly understood process 
of outer membrane assembly. These membrane 
fragments may also be important for s quite 
different reason; it is possible that they resemble 
the form in whith toxic LPS (endotoxin) are 
released by gram-negative bacteria growing in 
vivo. There is no direct evidence to support this 
idea, yet it seems likely that culture supernatant 
LPS more closely approximate the chemical and 
physical properties of "natural" endotoxin than 
do the LPS which are extracted from these 



bacteria by hot 46fc phenol, trichloroacetic acid, 
or other standard methods (14). 

Other workers have examined the protein, 
LPS, and phospholipid compositions of super- 
natant membrane fragments of Escherichia cott 
and Salmonella spp. grown under conditions of 
restricted protein synthesis (12, 29) or using 
mutant strains which produce defective LPS (ft, 
12, 17, 29). The present study was undertaken to 
compare the LPS molecules in supernatant 
blebs and outer membranes isolated from the 
same cultures of growing Salmonella typhimu* 
rium. We used conditional mutants which incor- 
porate specific sugars into their LPS. Intrinsi- 
cally labeled LPS were analyzed by sodium do- 
decyl suIFoU-polyacrylamide gel eiectropb resia 
(SDS-PAGE), a technique which separates LPS 
molecules having different polysaccharide con- 
tents (9) < We found that the LPS made by these 
strains were unexpectedly heterogeneous in sue, 
and we describe experiments in which this con- 
clusion was validated. The technique was then 
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used to compare the size distribution* of LPS 
molecules in outer membranes and culture su- 
pernatant membrane fragments, 

MATERIALS AND METHODS 

Bacterial atraiaa and media. Three strains of 5. 
typhimurmm were provided by M J. Oebom and H. 
C, Wu, University of Connecticut fcaith Center, Far- 
nungton. Strain G-30„ which U deficient in uridine 
cUpheaphate-faJactoaM^epimeraae. incorporate |»* 
lactoee almost exclusively into LPS (26); galactose ia 
present in both the R-eore and 0*tid* chain in S. 
typhimurium (Fig. 1). Strain SL 1030 is deficient in 
phoaphomsnnose isomer*** (28); exogenous msnnose 
is utilized solely for O-chaitt synthesis in this mutant. 
Strain SL SS33 u deficient in both uridine dip Ho** 
pr*ate-galactoae-4*epimeraee and phesphemannoee 
isornerase, ao that its LPS may be labeled with both 
galactose {in core and 0 -chain) and mannoea (in 0» 
chain >- S. typhimurium PR 122 ia a galE nag derive* 
five of SL typhimurium SU 453 <hi$Fl009 trpB2 
metA22 jryM strAZH P") whkh was isolated by P. 
Rick by the method of Wu and Wu <32)„ The galE 
mutation waa introduced by P22 transduction, using 
S, typhimurium 0*30 aa tht donor. This strain does 
not utilise glucoaamine for growth, la the absence of 
exogenous galactose, it incorporatee iJucoaamine into 
lipid A and into psptsdoglycan; when erogenous galec* 
tose ia present, glucosamine may alao be incorporated 
into the R-core (Fig. U, This mutant is alao deficient 
in uridine diphogf>rute-galectose^-epimereee, ao that 
the R<ore and O -chain may be labeled with galactose 
aa described above. Strain SL 1034, an SR mutant 
which aynthflouea LPS that haa a tingle O-chain repeat 
unit attached to the R-core, waa provided by R Ni- 
kaido. Univeraity of California. Berkeley. The identi* 
ties of these strains were confirmed by using their 
sugar utilization pa We ma and sensitivities to LPS-ape* 
cine bacteriophage*. Salmonella minneecta strains 
were provided by 0, Loderita, Freiburg, Weft Ger- 
many, Broth cultures of S. typhimurium were grown 
in proteoee peptone* beef eatract-O.5% NaCl (PPBE) 
(26) containing supplement* aa described below. 

Radioisotope*, £Kl« >4 C]mannoaa (59 oaCi/minol), 
o-[2 -V]mannoee (14.1 Ci/mmoiK and n-fl-'Hlgalee. 
toae (14.2 Ci/tnmol) were obtained from New England 
Nuclear Corp.. Boston, Meat. N-acetyl-n^l-'HIejU' 
cosamine hydrochloride (11 a/mxnol) and D-{l- n C)- 
glucosajnine hydrochloride <67.S rnCt/mmol) were ob- 
tained from Amereham Corp- Arlington Height*, Hi. 

LPS preparation- Cells Urvested in the Ut« log- 
arithmic phaae of growth were eitracted with 45% 
phenol and purified aa previously described <21>. LPS 
from 5. minneeata R-core LPS mutants and from S. 
typhimurium l**4 were prepared by the method of 
Galanoa at al. (6); the S minneecta mutante were 
grown in TYyptfeaae aoy broth (BBL Microbiology 
Systems). 

LPS amesy. A eobd»pheee radidbramunoaaaay for 
0-antigen waa uaed (21). The standard waa S. typhi- 
murium LPS prepared from strain C-30 grown in 
PPBE containing 0.5 mM n-galactoae. This aaasy mea- 
aured LPS COfKentrationa Over the range from 0.001 
to 5.0 w /«nl 
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Pic, 1. Salmonella LPS structure. Th* structure 
c/S. typAuiusrium LPS is thouw Bubmiript* indicate 
ih* Biructum of the S. mintuMa R em nuuanu 
used for gradient SDS PAGE free Fig. 4). Abe, A6e* 
otfoae; Mtu\ manna**; Rha, rkamm**: Gal, galac 
lose; QkNAc, H-acttyigiucG*amiAc: Gic t glucose; 
Hep, Ae^fose; KDO, kztodkwvoctoruu*. The & mux- 
neeoro mutant etraine used and their phenotypee (m 
partnth****) werr at folhumt B$0 (Ra), R346 (Rh), ft£ 
(Re), R7 (RdJ. and R&S (Re). The Rc and Rd t 
mutante alec lack a phoephatm attached to heptaee 
(IS). When prepared from cuUurte grown without 
gaiactoee, LPSfrm&yphimariumetrauuG-M SL 
353% and PR 122 have an Rc etructor*. tach lipid A 
moiety cantaine tu» molecules afgiucoeamine. 

Growth experinenW. To Ubei strain G-30 with 
radioactive galactoee, 300 ml of PPBE ttataining 0.1 
mM o- galactose and l mCi of (^Hlgalactoae was ia^ 
ocuiated with 2 ml of a growing culture of strain G-30 
ctila. Cultures were ahaken at 160 rpm In A 37° C wster 
bath, and growth waa monitored with a Coleman Jun- 
ior D spectiopbotometar by measuring optical density 
at 640 nm <l^cm light path; Peridn- Elmer, Coleman 
InatnimenU Div^ Oak Brook, BL). Ceili were har- 
vested after three to four generations of growth (op- 
tical density at 540 nm, 0.4), chilled rapidly in an tee 
water bath, and pelleted by centrifugatioti at 16,000 
x g for 5 min at 6°C. Approximately 60% of tht 
(*H]galactoee waa incorporated into cells under these 
oonditiona. Subsequent steps in the preparation of 
memhninee and supernatant blebs were performed at 
lto4'C.. 

I To label strain SL 3533 with radioactive 
and galactose, 60 ml of P?BB cnoUining 100 MCi of 
[*rf]galactoae, 10 aCi of [ N C)mannoee. 0.01 mM non- 
radioactive galactose, and 0.01 mM notuadio«ctlvc 
mannnse was inoculated with 2 ml of a growing culture 
ofceUa Higher galactoee concentrations inhibited the 
growth of this strain. Incorporation of mennoee into 
the cells after &5 generations of growth was 66% and 
ineorporation of galactose waa 92%. 

Strain PR 122 waa grown in PPBE containing 0.06 
mM D-glucoaamine hydrochloride. The cells in 40 ml 
of medium were labeled with 300 uC\ of Macetyi- 
(^Iglucosamine or 15 fiCi of [^Iglucosamine. When 
desired, 0.06 mM nonradioactive n-galactose waa 
added to permit synthesis of complete LPS; libeling 
with ( J Hlgalactoae waa performed as described above 
Incorporation of Labeled glucoeamine into cells after 
generations of growth waa 40 to 60%. 
Outer membrane separation. Labeled cells were 
suspended in 2 ml of 25* sucrose in 10 raM HEPES 
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(4-(2^hydni»yethyl).l*pi|»rMii>« ethaneeuironk acid] 
buffer (pH 7.4) containing 4 pg of RNaa* per mi ard 
4 of DNaae per mL After disruption in « French 
press *e described by Jones end Oibcm <I0>. Lh« 
preparation woe brought to final concentretkme of 20* 
iUCTOM and ft mW EDTA in 10 mM HEPES. The 
sample waa then Uyered onto a cushion of 60S sucrose 
end centriruged et 100,000 x ±7 for 3 h at 6 to 8X <4J. 
The membrane band* were recovered from the mere** 
cushion, reeuapended in 10 mM HEPES to a euerow 
concentration of 35 to 30%. and layered onto a 30 to 
65% sucroee gradient Ultracentrirugation vu far 22 h 
«t 200.000 x f and 6 to **C. Fractiene were collected 
. by puncturing the bottom of the tube, diluted 140 or 
more la distilled water, aad tested for protein concen- 
tration by aheorbance at 260 run {corrected for abeorb- 
ence at 260 run f31]>. Radioactivity waa determined 
by adding 25^ portiona of theae dilution* to 6 ml of 
Aquaaol (New England Nudear Corp.) and counting 
in a Packard modal 2425 liquid ecintiUetton counter 
(Packard Instrument Co , Inc^ Downer* Orove, I1L). 
N ADH axidaee activity «af measured a* deacrt bod by 
Oafaom et eL (26) tod wee related to protein concent 
tpation, which wet determined by a modification of 
the Lowry method (16). 

Supernatant LPS* For aawyi of the LPS concert- 
Cntiona in culture supernatant*, fl ml of culture flaid 
wbs centrtfugod ftt t2,000 X $ for 10 min et 4 # C, and 
the euperoetant w«* recentriruge4. The upper l ml 
was removed far essay. Thk procedure produced a 
reduction in viable bacterial count* of & 10* -fold and 
left fewer than 10* vUMe calk per ml in the luperna- 
tant. Thia number of celk did not interfere with the 
radiouraiunoaaeey. For enaJyeee of the LPS in super- 
natant fragments from ieotopitailly labeled cultures, ft 
wai necessary to eliminate residual ceUt from 40 to 60 
ml of eupematant by filtration (04S~pm filter, Syfaren/ 
Nalge. Rocheeter, N.YJ. Culture* of the filtrtt* were 
Sterile. The concentration of LPS measured in the 
filtrate by radieunmunoaaaay wee equal to that found 
in the centrtfuged eupematant, indicating that there 
wee no kiea of LPS onto the filter. Membrane {Teg- 
menta containing LPS were then precipitated from the 
filtered eupematant by adding 1.2 volume* of satu- 
rated ammonium sulfate (final concentration, 65%). 
This procedure quantitatively removed LPS from the 
supernatant and allowed complete recovery of ra- 
diounmunoessay activity from the precipitate. The 
predpita tea were euapended In eueroee- HEPES and 
layered onto eucroee gradient* for uitmratrifugatien 
in parallat with membrane fraction* ai described 
above, 

SDS-PAGE. Poryecryiamide («%) tube g*U con- 
taining 1%SDS wet* prepared end niii by the method 
of Fairbanks et ai (5), ea modified by Jann et el <9>, 
Sample* were eoiubilixed in digestion buffer (9) by 
heating tor S min at lOO'C. After electrophoresis, gela 
were cut into 2-mm eUcee, digeated with 30% HrO* 
and counted aa previously described (20). Slab geia 
contained nolyexrytaoide (5 to 16.5% Unear gradient) 
*MQJ2&% high molecular* weight polyacrylamide (no. 
»78ft; BDK Chemkaia. Poole, England); other re- 
agent* were aa described by Fairbanks et at (5). A gel 
overlay (S% polytcrytamide) was added Tor loading the 
temple* Sieb gela were run it a comunt current (10 



rnA) until the pyronin Y dye juet reached the bottom 
of the gel (20 to 22 h>. Suining of gela with periodic 
acid-SchifT reagent wee performed aa described by 
pAirWk* et aL (5), *nd fluoroaraphy was by the 
method of Bonner and Leakey f3). 

RESULTS 

Outer membrane preparation. We found 
that preliminary centrifugation in the presence 
of EDTA reduced inner membrane and nucleic 
acid contamination of outer membrane prepa- 
rations U). Isolated outer membrane* from 
strain G-30 had an apparent bouyant density of 
1.22 to 1 25 g/mJL contained more than 65% of 
membrane [*H]gaJacto»e, and were deficient in 
NADH oddsse, an inner membrane marker 
(Fig. 2), These findings are characteristic of 
outer membranes from 5. typhimutium (26). 
Similar results were obtained with strain SL 
3333 cells labeled, with [»H}gaiactose and 
[ ^Jmannose; the gaJactose-nuvmose ratio was 
constant throughout the gradient (data not 
shown). 

SDS-PAGK analyeie of LPS composition. 
The basis for this approach was the observation 
of Jan n et al (9) that the migration di stance of 
an LPS in Sffi-lPAOE to directly relsggTc the 
percentage o f Uoasi Aintne LPKmoIecuIeTWhen 
we studied [ # Higalactose>Iabered s&ain C-30 
LPS by using the tube gel system of Jann et ai. 
(9), we found three major peaks of activity (Fig. 
3A). We expected (from the work of Jann et sL) 




Fig. 2. Outer mmbrm* preparation. Membrane* 
torn prepared cvwf itparuUd by ewcroetf gfurticTtl 
ultratxntnfiqfatiea ee d**crib*d in Me text. The 
cro8* haUA*d eojtea indicate tfADB frrr*fffw actwi- 
ties in fractions pooled from the peaks of protein 
concentration; bar* indicate * itandord deviation. 
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Pic. 3. (A) Tube SD&PAGE of f M H]galaeto*e*lo 
beted drain G*J0. The top of the gel i* on the left 
The Roman numeral* indicate the three major peak* 
of radioactivity (for the quantitative cwnpaneone de- 
scribed in the text, peak IU included fraction* 21 
through 47). The arrow thaw* the pyranin Y dyt 
front (B) Tube SD&PAGE of (•HJgalaeto**- and 
( u CJmannam iabeied*erainSL3S3X The'Nand^C 
count* per minute (corrected foe background and 
channel epdl-over) were normalised to iet the count* 
in get slU* IS (peak ID equal LO. Ratxx of % H to "C 
u#t* calculated from the actual corrected count* per 
minute in each gel *Ute, The *hort arrow indicate* 
the dye front. The abeence of f"CJmanno*e (O) from 
the fa*it*t-migrating peak of fWgalactoee activity 
(•) indicate* that thi* peak contained only Rcor* 
LPS (long arroufj. (C) Tube SDSPAGE of f*H]g* 
lactaee and ["€} glucosamine labeled tirain PR 122, 
Radioactivity measurement* u*r* performed a* dt~ 
scribed above for (B). The arrow indicate* the dye 
front. The "C labeled material at the origin (top) of 
the gel probably repretent* pepluJogtycan, eirwe pep- 
tidogtycan contain* glucosamine and doe* not mi- 



that the fasteat-migreting LPS would be R-core- 
Upid A, but the radioactivity profile in the gel 
was quite irregular, suggesting that more than 
ne LPS specie* might ba present We than 
studied strain SL 3533 labeled with both £*H] 
galactose snd ("CJmannose* Tube SDS-PAGE 
of double-labeled outer membranes (Fig, 3B) 
showed that the ratio of *H to U C increased with 
increasing migration distance and that mannoae 
was not present in the fastest-migrating peak. 
This behavior would be expected if only core 
LPS were present in the fastest-migrating peak, 
s ince core LPScontains fsJactose but not man 
nosaJFi*. 1). The observed ratios oCrf to**S~ 
a long the sat are consistent with the addition o f 
a repeat unit which contains mannoae and em* 
lactose to a core which contains only galacto se. 
At the top (origin) of the gel, there was little 
variation in the m* nnnae-galactose ratio, since 
the Kong O-sids chains minimized the contribu- 
tion of the gakctcee^ontaining core. Finally, we 
studied the incorporation of glucosamine and 
galactose in strain PR 121 Tube gel analysis of 
double-labeled outer membranes (Fig. 3C) 
showed that glucosamine was present primarily 
in peak HI. since incorporation of aiucoaamine 
into LPS is independen t of 0 -chain tef*gfoj thiu 
otaerv adon indicates that this strain prefcren - 
t ially makes Lr*3 ni"»% n'*«* gfffagyriy nKZk 
(J^gajga. l^ia rado"of { J H Jgalmctose to [^Cpu- 
cossmine (which provides an estimate of the 
ratio of O -chain plus R -core -to R-core plus lipid 
A) decreased with increasing migration distance 
along the gel. This finding again indicates that 
stion distance in this system is inversely 
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Y k heee results were confirmed and extended 
by gradient alab SD&PAGE. This technique 
resolved S- nxinnesota core LPS molecules 
which differed in aiza by only two to three sac- 
charides (Fig. 4 A) and demonstrated, V Urge 
series of bands for LPS extracted from strain G- 
30 cells grown in the presence of galactose. The 
t-30 bands were present on gels stained with 
periodic eeid-SchifT reagent and on fhibro- 
graphed gels, and they were observed with purw 
Lfitd LPS, outer membranes, and supernatant 
blebs. They did not stain with the Cooznaaaie 
blue stain for protein. The fastest-migrating -G- 
30 band comigrated with Rc S. minjiewo&a LPS; 
this was not expected (galectc^containing core 
should be Ra or Rb [Fig. l]) t and the explanation 
for this result is not known. Differences between 



grate into SD&polyacrylamide gel* Symbol*: 
s>, f t H/galactoee; Q, ["C]gluca*amine> The ratio f 
*H to "C decreased with increaeing migration die- 
tance (*ee text). 
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LPS i PR 122 U ! dlcat * < * that m « of the 

^faiffiuiy «dTty this strain hSS%sS ! 
9^ilM09,(p«aJi 1IJJ! SbniJarly, the galactose^! 
cosamine ratios in peaJca I and II pSvf^S 

cums with long 0-polysaccharide chains. 

The stability of the bonding pattern to treat"! 
"^t with SDS at lOQ'C J the SS of 5 £ 

t^'J? 1 ' bMd8 w *« *rtifactuaJly gen- 
evidence that the bjad a.did not repr Wfr^ 



the preparations included the kind of growth 
medium and the method of LPS «xtnetion (see 
above). The strain G-30 bands were generally 

SS^m?* *T correspond 
Sf ^ ^ ^ obMrved with tube SDS- 
Si I^ii ^ "fl ■'"■Wnt in strain 
SL J ^, LPS d °«M« Ubeled with [ a H Galactose 
*«d rCJmannos* (fig. 5); on l y trace"* raT 
now were present in the faatest-migratuig band, 
aa previously noted in the tube gel analysis 

,„i frfe i StMiB PR 122 W ** to Wtd with Mace- 
ty-[ HJglucosanune in the absence of exogenous 
galactose, almost all of the radioactivity ap- 
peared u> a awgie band at the bottom of the gel; ]3ui7^7"i L ITL t VT.„ IMHaiL - q,a "? n P r .^ M 
this represented labeled Rc LPS (Fig 6 lan&l T" B T*^ ^ ntnrmnrti 
and^.AbandoYradioacdvity^SrJ^d. XJfl^ **rt**€SSNBfod£* 
the top of the gel. which is eo^nt^ th\ O-cSS JSrJ^*"* « "* 21 > 
incorporation of MaMrvioi ^ 2gJ5l^t^»,^»^** 



r „, gei. wmcn is consistent with th« 

ID* 0 ™ 0 ?™ 0 ', **«<* tv l«'"co«muie into pep- 

tne addition of nonradioactive galactose allowed 
the completion of the R-core and the synthesis 
of 0-chau* so i that gJucoaamine-labeled bands 
appeared which migrated more slowly than the 
completed R-core fFig. 6. lane 3). When the 
same strain was labeled with ['H]gal«to*e in- 
stead of glucosamine (Fig. 6, lane .a), the labeling 
pattern was identical to that found with the 
galE mutants shown in Fig. 7. The findinas with 
gradent SDS-PACE arenas fSoaSSffSS 
the tube gel results. In both gel systems, the 



■ *j V ■"gars, yet this preparation 
remained at the top (origin) in bothg.l,«u™ 
Wata not shown) This Ibm*^ 

dient SDS-PAGE were JSTh lS 

^ re,eM€S O-Polysaccharide 
O^hain subumtpolymeruation (11). Since ndy! 

diatas m O-ch/un synthesis could account for the 
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Fic 5. $DS PAGE analysis of etniinSL 3633 LPS 
labeled with pRJgalactom and J mannas*. The 
orientation of the gel woe the same as in Fig. 4. The 
gel mas cut into tuo parte; part A woe fluorographed 
to detect *H and 14 C in the bands, and pari B was \ 
autoradiographed to delect l4 C only. Lake* I and 4, 
Outer membrane* iff SI 3533 labeled with fNJgatac- 
tase and ( u CJmannofe as described in the text; lane* 
2 and 3, f u c}mann6ee- labeled SL JOJO LPS (phenol 
motet extract). Sote thai only f*ttJgetacto*e woe 
present in ike (aaUet rnigruting bond (lone 1), 

multiple bands observed with phenol-e*tracted 
preparation*. Finally, the multiple bands wero 
also observed when strain G-30 celia were grown 
with [ a H]gslactose tor one generation, followed 
by two generations of growth with a 20- fold 
excess (1 mM) of nonradioactive galactose. Fail* 
are of the bands to "chase" into LPS with longer 
0<:hains is again evidence that the banding pat* 
tern represented completed LPS. 
Aa shown above, the fastest-migrating labeled 
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spec ie* was core LPS. The regularity of the ^ 
banding pattern anST the degree of resolution 
demonstrated in the core region made it likely 
that each band on the gradient gel contained 
LPS molecules which differed in size from those 
to adjacent bands by one O-chain repeat unit/ 
Thia^conclusjoft was ftonrtrmgj fry using, A ftH 
ph i/nurum SL 1034. a mutant which a tt aches 
only one 0 -chain repeat unit to core Lr *S. LPS 
attracted from HL 1034 cells produced only ne 
band of periodic arid-Schiff atain-poaitive ma- 
terial, which was in a gel position that corre- 
sponded to the position of LPS containing a 
single 0-chain repeat unit (Fig. 4B)> Thus, it was 
possible to determine from the bands in the 
gradient gels that tube gel peak ELI contained 
LPS with 0 to 16 repeat units and to estimate 
(by extrapolation) that the average number of 
repeat units in peak II LPS was 28 Co 30. 

Although the evidence presented above sug- 
gests strongly that peak I contained LPS mole- 
cules with very long O-chaina (constant man- 
ncaa-galactoee kttQ JiiftK e^ctoe^tiucSajnine 
ratio, s low migration rat e), the number of repeat 
unfta present m peak I LPS could not be esti- 
mated accurately from our gala. The distribution 
of LPS into peaks I and II was somewhat van* 
able from experiment to experiment* even when 
the same medium and bacterial strain were used 

Multiple periodic add-Schiff reagent-Btained 
bands were also found ia LPS extracted from 
clinical isolates of S. typhirnurium (Tig, 4B), 
Salmonella typhi, and E, coU (data not shown), 
indicating that LPS aire heterogeneity is not 
limited to the conditions) mutants used tor tSe ae 
e xperimen ts. 

Supernatant LPS. The release of LPS (O- 
antigen) into culture supernatant* by S. typhi' 
murium G-30, as measured by radioimrnunoas- 
say, increased as the exogenous galactose con* 
centration increased over the range 0.05 to 0.6 
mM (Fig. S), The small amounts of 0- antigen 
released by cells growing without added galac- 
tose may have been derived from traces) of ga- 
lactose present in PPBE (21) or from minor 
leakineas of the galE mutation in this strain. To 
assure uniform incorporation of ['Hjgalactoee 
(present at a concentration of 0.7 uM) while 
allowing accumulation of sufficient amounts of 
supernatant LPS fov aubosquent analysia, a con- 
centration of nonradioactive galactose of 0.1 mM 
was arbitrarily chosen for the labeling experi- 
ments. Under these conditions, supernatant IPS 
contained 0.6 to 1.4% of the radioactivity incor- 
porated into cells from the same culture* (four 
determinations). Similarly, strain PR 122 cell* 
were labeled with [^gjucc*amine in the pres- 
ence of 0.08 mM nonnUUoactive D-glucoaarnine 
and 0.06 mM D -galactose. Supernatant LPS con* 
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12 3 4 

Fia 6. Gradient SD$ PAGE of strain PR 1& 
(galE nag) lobbied H>iih N acetyl- f*H}gluco*ctmine or 
rHJgaiactote* The orientation of the gel woe the 
name as in Fig. 4 and 5, Lane J contained outer 
membrane* of PR 122 labeled utith N -acetyl f^HJgtu- 
coean&inc in the absence of Exogenous galactose; 
25G.&X>c^wa$ loaded. L*n* 2 contained Z5.000 cpm 
of the earn* preparation Lane 4 contained 25Q,QpO 
epm ofN- acetyl- [*H]4kica$tv7nne -labeled outer mem* 
brane from strain Pfi lSS cetU grown w the preeenee 
of (LOG mM nonradioactive DgatactoM. Lane 4 con- 
tained mOOO «n of fHJgaiactote labtted outer 
membrane* from cells grown in th* pretence of 0,00 
mM rum^VKuXive »-galactc»c. The heavy band at 
the top of lane* A 2, and 3 represents labeled pcpu- 
dagfyecpu la the absence of exogenous galactose 
(lane* J and 2), radioactive gUcoeamine woe found 
in a tingle band of a migration pcsji&n continent 
with thai of jRe LPS (in tone t> the minor band* 
proba&fy represent larger LPS molecule* synthesieed 
from irccen of galactose in the medium). When tx 
Qgcnou* galactoee was present, and O chain* 

were synthesized, and the distrihvti&n of radioactiut 
gUiCOeamine reflected the number of rrwiccult* of 
each LPS sire species (lane 3); only trace* were 
preeeni in the upper part* of the gel corresponding to 



tained approximately 0.5% of th* radioactivity 
incorporated into cells. 

Sucrose gradient ultocentiirugaJion of radio- 
labeled supernatant LPS revealed a single p* a * 
of 'K activity. The peak eternity. varied with 
different p*eparstbn«, possibly because of dif* 
ferances in the aggregation of mopafamae frag- 
ments with media constituents, but it waa never 
more than 1^20 g/mi. 

Comparison of outer mei&braae and au- 

tur* of lipid A-R-coxe does, not vary with the 
addition of Q-chsj* repeat units, the extent of 
Ubaling of strain PR 122 LPS with acetyl* 
[ Ktelucowame should provide an estimate of 
the number of LPS molecules in each eixe cat*- 
sory. A comparison of the «wpemat*ftt frag- 
meats and outer membrane* which were radio- 
labeled with ^<^^ t H]glucce«umm« did not 
demonstrate a consistent difference 4n the dis- 
tribution of radioactivity into peak* U and m 
(tube SDS-FAGE, Table 1>. It was not possible 
to measure the radioactivity incorporated into 
peak I because of the coataiaiaatSco of this pea* 
in outer membrane tela with ftaeoaamint-la- 
belsd p«ptidofjycafi (Fig. 3C);and;the number 
of counts in peak U was Jew. T&us, we used 
strein labeled WTtbf*H]galactoee for a ainv 
Uar analysis (Table 2)\ This approach suggested 
that tupernatant ^^-™»» '""n'-tlr en- 
ri AedJgijthe smount**of rsn^oa ctivity mcorpo- 
ra ted into long^^dasjb LPS "foSB 1 and II) 
relauve to eiwrt-u-coslh LPS (peak 03). The 
direction of the difference was consistent (in 
each of five comparisons, supernatant fragments 
had a greater percentage of counts in peak I and 
II LPS; P m o,031 using a one-tailed Wilccxon 
signed-rank test). However, the quantitative dif- 
ferences were «m*U and variable (1.76 to 
11^5%). Moreover, galactose labeling empha- 
sised the quantitsdvA influence of a small num- 
ber of moleculea (those which contained many 
O-chain repeat units). In both of the above- 
described experiments, an inspection of the tube 
gel profiles did not reveal subtle differences in 
the compositions of peak ZLE in supernatant frag- 
ment and outer membrai^e LPS, although such 
differences were suggested by slab SD&-PAGE 
of these preparations (Fif. 7). We osnc fade that 

■Wg^ft^fePyg^^ enriched in «ige 
culeswith long 0 -chains, although the number 



peahe / and IL When cetU wcte labeled with radio- 
active galactoee. the distribution of radioactivity r«< 
fleeted the presence of goJoctoee in both H>cort and 
O chain repeat unit* (lane 4) and Woe identMl to Ih* 
distribution of radioactivity fcund with galactoee- 
labeled ttrain G*d0. 
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Fig, ?. SD8-PAGB companion of outer mem 
bran* and supernatant LPS. Preparation* from two 
separate experiment* are shown Lane* I, 2, And 3 
contained outer membrane*, supernatant biebs, and 
phenol-water extracted LPS, reepeetiuety, from 5. fy 
phtiwritm grown with rHJgalactoe* os de- 
scribed in the ten; 20,000 epm of each preparation 
too* loaded. Lane* 4 and $ ccntai\ed outer membrane 
and supernatant LPS. respectively, from a different 
experiment; 08,000 cpm of each preparation wa* 
loaded. For fUsoragrapky, the prepared gel wo* ets 
posed to X-ray film fsf 3 wec&s. In each experiment, 
supernatant LPS appeared somewhat deputed in 
LPS with ehort O-ehain* and enriched in LPS with 
long O - chains 

of moleculaa which account* for this difference 
is amalL 

DISCUSSION 

LPS ayntheaia in S typhimurutm haa b*en 
inveatigatad intensively (22, 241 T he R^cor e is 
m fidfi f IP A> in"*r membra n e by atepmae aj 8i« 
tion of sugar* to^»todeo^yo^nata»bpt j A. 3yn- 
t Kaaia of Q j^yaaotftajiti e oc cu rs indep^de ntly 
. of lipid A core aynthft&ig: IflZjoaarc Wide re- 
peat unita, formed onC» polywoprenoid lipid 
earners* are polymerized on the inner membrane 
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Fig- 3. Accumulation &f LPS (O^dntigenJ in cul- 
ture supernatant* of S. typhimurusm G*9Q. Strain G> 
30 ceil* were grown in 20*rnl PPBE culture* contain- 
ing different concentration* of D*gaUxeta*e. The 
growth condition*, preparation of supernatant*, and 
LPS assay were a* deoeribed in the text. Growth was 
stopped at a cell density ofSxJO* viable cell* per ml. 
Each point is the average of two determination*. 
Accumulation of O antigen in the culture &upema< 
tont was dependent upon tf-gaJactam: concentration 
over the range studied. 



Ta&LS 1, LPS size distribution in outer membrane* 
and aupernatant bleb* ofS, typMmurittm PR 122 m 
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Tab L« 2. LPS mixe distribution in ctuUr numbran** and aupmrnattuU bimb* of 8. typhinturUtm 



Expt 


Sample 


G«i 


crpna of {*KJf*]art0M 


Tot*l cprq 


% Of lotifc»0- 
ohAin I*PS* 




Pudbi 1 and IJ 


PeakUI 


OM) 


I 


s 


1 


1.339 
1,778 


667 
883 


2,026 
2,461 


66.1 
72.2 






OM 




66.509 
58,490 


51.908 
31,271 


34J6J 


62.4 


-135 


2 


S 


1 


13,641 

17,722 


5,24Q 
6.49Q 


24.212 


72.2 
73.1 






OM 


1 


157.262 
168,134 


81,246 
100,617 


238,508 
238,651 


$5.9 
62,6 


8.40 


a 


S 


I 


4,941 

8,275 


2,226 
3,650 


7,167 
11,935 


69.0 
69,4 






OM 




25,472 
54,776 «. 


18.165 
40,50$ 


43<$37 


56.4 
57,5 


11-25 


4 


S 




5,866 
5,103 


2,520 
2,187 


8,386 


mo 

.79.0 






CM 




33,824 
33,200 


i7, m 


fit,7» 
49,800 


65-4 
6617 


■3.W 


5 


S 




3,661 


1,858 
2,432 


Wi: 


68.6 
60.1 






OM 


b 


26,676 <- 
28,993 


15,568 
17.710 


42364 \ 
46703 


63J 
62.1 


3.75 



" Celi* were labeled with frOgaUctote a» <Wrib«d in th« text For d«UiLi» mm TaW* 1, fttotaos* a. 71« 
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k (Count* per minute in peek* I And Il/tota] aounte par minute) X 100. 



into O -chains. Transfer of the completed Q**jd e 
c hain to the R»core <the Tigase reaction) » foy 
lowecrny ganglocatton of the completed LPS to 



dSgf CfteniPrane. lYanalocanon is irrt vexai 
bieWaomewhat noa^pedHc, since R-core LPS, 
as well a£ complete (O-antigea^nt&ining) LPS, 
may be transferred. Once core LPS molecules 
a rc prewnt jn the outer rambre^e , Ae y are rjb t 
"c ompleted" »v the addition oW» cha ins 
(19. 25). Tr yAcfltiQO appeara to involve mem - 
brane site* which overlie goces of aflfteejoTB e* 
twe enlhc Inner and outer memfeimnea 1 

Heterogeneity is known to occur at several of 
the steps in Sabnontlla l&S synthesis, includ- 
ing polyrnerixatiori of 0~chain repeat units (22 t 
27), Previous workers have analyzed the lengths 
of O-polyaaccharide chain* by using gel filtration 
(9) or method* (e.g., inethylation} which deter- 
mine the number of end group* in a population 
of isolated polyaacciuride molecule* ill, 13; 23). 
Estimate* of the averse ft QptifaiMrium^Y, 
c hain iengtn ui a varie ty ?f Ffr*™ Kav it Tnrcgg 1 
from 4 <13, 23) to B to loTl3) repeat uni te. These 



method*, which require isolation and purifica- 
tion of the C*poly«accharide before analysis, do 
not identify small differences in C-chain length 
within a large population of molecules. In con- 
treat, the SDS-PAGE gradient method de- 
scribed here separates LPS molecules differing 
in as few as two or three saccharides ism observed 
for 5. min*uc$oto R-cor* LPS [THg. 4AJ), and it 
can be used to anaiyt* the LPS in a variety of 
starting materialo, labeled or unJabeled. .'Hue 
method should be useful for further sti:dy of 
LPS syntheeift in vivo, as it allows simple reeo- 
hition of LPS molecules of different adzes (2). 
Similar concluaio na concerning LPS size heter- 
ogeneity have been reached recently by workere 
using discontinuous (Laernmli) gel systems (7, 
27). Our results differ from the resultd of these 
investigators in two ways. First, we did not find 
the d oublet bends which were s re&e nt in th e 
diacontSuoua gel a. These authora consiaeted 
several e^lanaUons for these doublets, which 
aeemed to differ in compoeitiQn depending upon 
conditions of LPS storage (7). Our reeulta aug~ 
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gest that a comparison of the tw gel ayvtems in 
which the same preparations are used may help 
solve thia problem. Second, ur gels w ra suits* 
ble for attuning with periodic acid*Schiff reagent. 
Although this method gave poorer resolution 
than autoradiography or fluorography, band* 
ware sufficiently distinct to allow study of non- 
radioactive preparation*. 

Our analysis indicates that, under the growth 
condition* used in these experiments, S. typhi- 
murium roakga LPS molecul es of many s ixaa 
L PS witft snort Q-chaina appear to be avj the- 
s wdOTaferanttallv. at least jn the mutants atad- 
i«L The striking site heterogeneity was not an- 
cipated* Among the possible explanations are 
(i) synthesis of different O-chain lengths at dif- 
ferent phases of grow th or in different regions of 
the cytoplasmic membrane, (ii> nonaalflctiva pp . 
ly meraae or iigase or both and (iii) aynfeaaia of 
different fl^bain lengths b> different coll* in th e 
cultu re (27). Although our data do not distin- 
guish among those possibilitiaa, ws also found 
size heterogeneity in LPS from a clinical isolate 
of $. typhimi*ruim> thus, it is unlikely that this 
phenomenon is limited to the ttmUnte ueed for 
the present experiments. 

Several studies of outer membrane assembly 
have used antibodies to O-antigen to identify 
newly synthesized LPS in uridine diphosphate- 
gaiactose^-epfeierase -deficient mutants of rv 
phimurium (Id, 19), Newly arathesiaed LPS ap- 
s , peared on bacterial surfaces in patches or c Tu» 
— tgra which were adjacent to apparent rones of 
, 'V s * a jhesion Dctween inner and outer membranes . 
Our estimates mentioned above, made D~y using 
, similar strains, indicate that molecules with lon g 
0- chajBfl constitute a toinogy of outer mem - 
bgui£jJ>S. Since long^O*chain Lrs one'Tmore 
antigenic sites for antibody binding than short- 
O- chain LPS, the observed surface patches may 
not indicate bulk LPS translocation at these 
sites, but rather translocation sites for LPS with 
long 0-chains. In any case, thejfasJba^ar^geneity 
of L PS to outer membranes indicates that these 
ba cteria translocate I>3 motocules of many 
si zes from inner membr a nes to "outer mem* 
branes. The translocation mechanism Cs> thus 
may be muitipie or to hays Little size specificity. 

There is evidence that supernatant blabs arise 
from specific outer membrane sites; as suggested 
by Witholt et &L tot E. cofc possible sites of 
orig in for supernatant blebs an cluae membrane s 
renffSgd r^WtiflT* »t septum i Tormatton (ce ll 
<HSlttn>, areas of m»mbrftn,« defi cient in m u< 
rein.lip^ pr »uSn | sites of inaertj on of new 
^Sjo tejjuter membranes (b\ I7)/We anticv 
pated that the supernatant fragments might be 
enriched in LPS molecules with long O-chsina, 



LPS HETEROGENEITY $39 

since the long hydrophilic polysaccharides might 
facilitate the release f LPS from the out«r 
membrane into the aquaoua environment. We 
compared uter membrane and supernatant 
fragment LPS in two 5. fyphimurium strains. 
The results of these experiments are consistent 
with the conclusion that supernaUnt LPS ar e 
p robably enriched in long *6-<hain LPS , al- 
though the number M molecules which accounts 
for this difference is small It should also be 
noted that strains iWth only core LPS structures 
ahed membrane fragments U). Indeed, it seems 
that A typhipmriim may ahed membrane frag- 
ments by more than one mechanism (or from 
more than one site); the supernatant fragment* 
studied here would then be a mixture of such 
fragments, and tht LPS compositions observed 
would reflect the contribution of different com- 
ponents of the mixture. Our attempts to separate 
such components by density gradient ultracen- 
triJugation were not successful, however. 

These find i ng s may be important for an tu> 
derstsnding of the pathogenesis of infections 
caused by this bacterium and other gram-nega* 
tive bacteria. Both outer membrane and super* 
natant membrane biebs contain lipid A, the toxic 
moiety of LPS. Since O-poIyaaccharidea extend 
from the bacterial surface into the surrounding 
environment, the observed heterogeneity of G- 
chain lengths suggests that t he surface fronoflr* . 
nhv of these cell* may he aSte im^ibif > * n A , ] 
that th* aiweeibilitv (aurfate r^qpna^l «f th yr—\ 
lipid A moietv nrobablv diff ers for different aur-/ 7\ j 
fa ce regions o* for different i^iu it \» r+m**n^]+ 
to expect fchaTtneae auterencea may influence [ 
the biological activity of LPS by modulating 
hoeUlipid A interactions. ' . ^ 
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oaamtivt oaQ vail, p, Ml^tSfc/n L Laiv* (ad), Bactahal 
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^ rtda ftrtarofmaftty la l S«*m**U* ^pMrnttritm ana* 
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